Cell Nuclei play a critical role in controlling gene expression and replicating DNA, and is known to deform in association with cell shape changes in response to external forces. This study dealed with morphological analysis to quantitatively assess the effect of three different mechanical stimuli including fluid shear stress, cyclic stretching, and hydrostatic pressure on nucleus morphology. Fluorescence images showed that fluid shear stress and cyclic stretching induced cell elongation and orientation very specifically to the direction of flow and stretch, respectively. In contrast, hydrostatic pressure induced cell elongation at non-preferred orientation. The nuclei were also found to deform in the same manner as that of the cells, which was, in particular, dependent on the type of mechanical stimuli, possibly suggesting the direct mechanical linkages between cell surface receptors, cytoskeletal meshworks, and nuclei. It was also shown that cytoskeletal meshworks may contribute to pre-existing strain of the nuclei.
Introduction
A lot of efforts have been exclusively made to explore the effect of fluid shear stress on vascular endothelial cell responses including changes in morphology and cytoskeletal structures particularly with implications for the localization of atherosclerosis (1) - (4) . When endothelial cells are exposed to fluid shear stress, cells exhibit marked elongation and orientation in the direction of flow, possibly leading to alterations in several aspects of endothelial cell biology that are critical to normal endothelium functions (5) . Since endothelial cells are exposed to complex mechanical forces in vivo including not only fluid shear stress but also stretching and hydrostatic pressure, it is critical to understand how the other two mechanical stimuli can affect endothelial cell responses. Application of cyclic stretching induces endothelial cell alignment almost perpendicular to the direction of stretch (6) , (7) . In contrast, endothelial cells exposed to hydrostatic pressure exhibit elongation with non-preferred orientation (8) , (9) . These studies thus indicate that morphological responses in endothelial cells may depend on the types of mechanical stimuli. Although endothelial cell responses to mechanical stimuli have been well understood so far, little is still known of how endothelial cell nuclei may change their shapes in association with mechanical stimuli-induced cell shape changes. The major function of the cell nuclei is to control gene expression and mediate the replication of DNA during the cell cycle, which can be modulated by external forces. For example, twisting integrin receptors with RGD-containing peptide-coated beads increased endothelin-1 gene expression under the hypothesis that the molecular structural linkage of integrin-cytoskeleton is an important pathway for the mechanotransduction (10) . Furthermore, when integrins were pulled by the RGD-coated miropipettes or microbeads, cell nuclei distorted and nucleoli redistributed along the direction of the applied force (11) . It has been known that nucleus deformation can be associated with cell deformation when cells are exposed to fluid shear stress (12) , compression (13) , stretching (14) , and flatten (15) , indicating direct mechanical linkages between cell surface receptors, cytoskeletons, and nuclei. To further address endothelial cell responses to mechanical forces, cell nucleus responses should be thus explored. The objective of this study was to precisely quantify the effect of three different mechanical stimuli including fluid shear stress, cyclic stretching, and hydrostatic pressure on endothelial cell nucleus morphology. Mechanical contributions of cytoskeletal meshworks on nucleus morphology were also assessed after treatments with disruptive reagents.
Materials and methods

Cell culture
Bovine aortic endothelial cells were purchased from Cell Applications (San Diego, CA, USA). Endothelial cells were seeded into a tissue culture flask (Sumilon, Tokyo, Japan) with Dulbecco's modified Eagle medium (DMEM, Invitrogen, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum (JRH Biosciences, KS, USA), penicillin and streptomycin (Invitrogen) and cultured at 37ºC in a 5% CO 2 / 20% O 2 / 75% N 2 environment. Cells were confluent after 4-5 days and then passaged at a 1:4 split ratio in the flask using 0.05% trypsin-EDTA (Invitrogen). Before experiments, cells were seeded on a non-coated custom-built glass base culture dish with a diameter of 35 mm (Asahi Techno Glass, Tokyo, Japan) designed to allow shear stress-or hydrostatic pressure-imposed experiments. Cells were also seeded on a 0.1% gelatin-coated rectangular silicone membrane attached to the bottom of a silicone chamber for cyclic stretching-imposed experiments (see 2.2). Fully confluent cell populations from the 4th to 10th generation were studied.
Application of three different mechanical stimuli
The effect of three different mechanical stimuli, fluid shear stress, cyclic stretching and hydrostatic pressure, on nucleus morphology were studied with experimental methods previously reported (7) , (8), (16) . Schematic diagrams of the experimental setup are shown in Fig. 1 . For fluid shear stress-imposed experiments, the confluent cell monolayer was loaded into a parallel-plate flow chamber, as shown in Fig. 1A . In the flow chamber, an input/output (I/O) unit and a gasket were set in the glass-base dish to compose a flow field having a flow section of 0.5 mm in height and 14 mm in width. The channel flow can be approximated as two-dimensional fully developed laminar flow. Fluid shear stress of 2 Pa, which is comparable to the average value in aorta, was applied to cells for 24 h using a flow circuit consisting the flow chamber, two reservoirs, and a roller pump (Master Flex, IL, USA). During cell loading, the temperature of culture medium was maintained at 37ºC by placing the damping chamber in a thermostatic chamber, and the pH controlled by pumping mixed gas (5% CO 2 / 20% O 2 / 75% N 2 ).
For application of hydrostatic pressure, a similar assembly to that used for the fluid shear stress-imposed experiments was used. The height of the reservoir controls the hydrostatic pressure applied to the endothelial cell monolayer in the flow chamber. Using this system, hydrostatic pressures of 100 mmHg representing mean blood pressures in aorta was applied to the monolayer for 24 h. It should be noted that very slow fluid flow with shear stress of less than 0.1 Pa was applied to cells to perfuse nutrients and oxygen.
For cyclic stretching experiments, a silicone chamber (10 mm high x 25 mm wide x 44 mm long) with a cells-seeded silicone membrane having a square region of 20 mm x 20 mm was mounted on a commercially available cyclic stretcher consisting of a stepping motor and a controller (NS-600, Strex, Osaka, Japan), as shown in Fig. 1B . Prior to cell seeding, the silicone membrane was coated with 0.1% gelatin (Sigma, MO, USA). The silicone chamber was cyclically stretched up to a maximum strain of 10% at a frequency of 0.5 Hz for 6 h.
Each loading time were chosen to allow cells to undergo complete remodeling, referring to previous studies.
Disruption of cytoskeletal meshworks
In order to know how cytoskeletal meshworks can contribute to nucleus shape, actin filaments, intermediate filaments, and microtubules in unstimulated control cells were disrupted with treatment of 1 µg/ml cytochalasin D for 30 min at 37ºC, 1 µM colchicines for 1 h at 37ºC, and 5 mM acrylamide for 5 h at 37ºC, respectively. Cell nuclei and cytoskeletons were fluorescently observed and morphological parameters of cell nuclei were analyzed (see 2.4 and 2.5).
Immunofluorescence staining
After mechanical tests, cells were incubated with 1 µg/ml CM-DiI (Molecular Probes, OR, USA) for 15 min at 4ºC for staining cell membrane followed by an incubation with 0.4% SYTO13 (Molecular Probes), a marker of nucleic acids, for 20 min at 37ºC for staining cell nuclei. Cells were also fixed with 10% formaldehyde in PBS (Dulbecco's phosphate-buffered saline without Ca 2+ or Mg
2+
, Wako, Osaka, Japan) for 5 min, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and then incubated with 150 nM rhodamine-phalloidin (Molecular Probes) for 20 min at room temperature (RT) to study the effect of remodeling of actin meshwork on nucleus morphology.
For cytoskeleton disruption experiments, cells were incubated with 0.4% SYTO13 for 20 min at 37ºC for staining cell nuclei before the disruption. After the disruption, cells were fixed with 10% formaldehyde in PBS for 5 min, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and then incubated with 150 nM rhodamine-phalloidin for 20 min at RT, an anti-vimentin antibody (ProGen Biologics, MO, USA) for 20 min at RT followed by a Alexa Fluor 455-labelled anti-rabbit IgG antibody (Invitrogen) for 40 min at RT, and FITC-labelled anti-α-tubulin (Sigma) for 20 min at RT, for staining actin filaments, intermediate filaments, and microtubules, respectively. Nucleus shape and cytoskeletal meshworks were fluorescently observed before and after the disruption.
Fluorescence images were captured using a confocal laser scanning microscope (FV1000, Olympus, Tokyo, Japan) with a 60x, NA 1.4 oil immersion objective (Uplan Apo, Olympus) as a series of X-Y optical slices at 0.35 µm on Z axis.
Morphological Analysis
Morphological parameters of the nuclei including angle of orientation, Shape index (17) , projected area, and volume were evaluated using the public domain software (Image J 1.36b, National Institutes of Health, MD, USA). The cell outline was semi-automatically extracted producing cell area and perimeter. An equivalent ellipse for the cell outline, with an equal area and moment of inertia to the corresponding cell shape was then determined. The angle of orientation is defined as the deviation of the major axis of the equivalent ellipse from the direction of flow, by setting the cell orientation to a value ranging from 0º to ± 90º. For all images, the horizontal direction from left to right was defined as 0°. The angle of orientation was also evaluated for the cells. The shape index is defined as follows.
where A is the cell area, and P the cell perimeter. The shape index is defined as 1.0 for a circle and approaches zero for highly elongated shape. Three-dimensional volume measurement of the nuclei was performed from the rendered images using a series of confocal slices.
Statistical Analysis
Statistical comparisons were made using unpaired Student's t-test and unpaired Welch's t-test for equal variance and unequal variance, respectively, unless otherwise stated. A value of p < 0.05 was considered significant in all analyses. Statistical data were shown as mean + SD or mean ± SD.
Results
Effects of mechanical stimuli on nucleus morphology
Fluorescence images of nucleus and cell membrane after the application of the three different mechanical stimuli were shown in Fig. 2 . Changes in nucleus morphology were clearly observed in response to the mechanical stimuli, showing a close association with cell shape change. Actin meshwork for the three separate experiments was also shown in the figure. The actin cytoskeletons responded specifically to the three different mechanical stimuli. Statically cultured control cells exhibited a rounded shape, and thin, short actin filaments were centrally observed together with dense peripheral bands of actin filaments at the cell periphery. After exposure to fluid shear stress, cells exhibited elongation and orientation in the direction of flow with centrally located thick stress fibers parallel to the direction of flow, whereas, after exposure to cyclic stretching, cells elongated and oriented nearly perpendicular to the direction of stretch with thick stress fibers aligned with the major axis of cells. In contrast, cells exposed to hydrostatic pressure exhibited elongated shape with non-preferred orientation, with peripherally located long and thick filaments.
The angles of orientation of cells and their nuclei were shown in Fig. 3 for the three mechanical stimuli. For control cells, the angle of cell orientation was uniformly distributed between angles approaching -90° or 90°. The similar tendency was observed for the angle of nucleus orientation. The percentages of sheared cells aligning between -30º and + 30º were approximately 60% and 70% for the cells and their nuclei, respectively, indicating a close association of the cells with the nuclei in morphological change. Furthermore, the Figure 4 shows the shape indices of the nuclei for the three mechanical stimuli. There were significant difference between both sheared (0.83 ± 0.05) and stretched cells (0.84 ± and 5B, respectively for the three mechanical stimuli. In the area, compared to control cells (138 ± 63), a significant increase was found only in pressured cells (177 ± 57). No significant differences were found under the other two conditions (125 ± 34 and 139 ± 57 for sheard and stretched cells, respectively). After exposure to mechanical stimuli, compared to control cells (825 ± 295), the nucleus volume significantly decreased for sheared cells (553 ± 162, p < 0.01) and pressured cells (620 ± 284, p < 0.05), whereas the volume decreased on average but there was no significant for stretched cells (676 ± 322). Taken together, these results indicate that the morphological change of the nuclei is not in an isotropic manner, and not likely due to passive deformation caused by the change in the their surrounding mechanical environment such as development of stress fibers, but rather due to the active remodeling in response to mechanical stimuli, because cell nuclei can be assumed to be incompressible.
Effects of cytoskeletal disruptions on nucleus morphology
It was confirmed from fluorescence studies that actin filaments, intermediate filaments, and microtubules were well disrupted after treatment with the disruptive reagents. Changes in morphological parameters including the shape index, area, and volume of the nuclei after the disruption are shown in Fig. 6 . The shape index showed no significant differences under the three conditions. Significant decreases were found in area under the three conditions (p < 0.05). No significant difference was found in volume for disruption of actin filaments, whereas a significant increase was found for disruption of intermediate filaments (p < 0.05). Disruption of microtubules induced a significant decrease in volume (p < 0.05).
Discussion
The findings of this study indicate that the nuclei change their shape in accordance with different types of mechanical stimuli including fluid shear stress, cyclic stretching, and hydrostatic pressure, in a similar manner to that of the cells. Flaherty et al. (18) reported that endothelial cell nuclei showed differences in morphology at different locations around the circulatory system in canine. In regions of stronger hemodynamic forces, such as large arteries, the nuclei were elliptical in shape with their major axes being aligned with the direction of flow, whereas, in regions of weaker hemodynamic forces, the nuclei were more rounded and had no preferential direction. Flaherty et al. (18) also surgically changed the direction of flow exposed to the nuclei and found that the nuclei reoriented themselves in order to remain aligned with the flow. In this study, in vitro experiments here demonstrated that fluid shear stress may induce nucleus elongation and orientation in the direction of flow, which is in good agreement with the previous in vivo experiment. Unlike fluid shear stress and hydrostatic pressure, cyclic stretching is defined as a strain-controlled mechanical loading. Therefore, it is important to pay particular attention to the terms, "passive deformation" and "(active deformation-induced) remodeling". In general, observing the "passive deformation" of cells and cellular components including nuclei may take seconds or minutes after application of mechanical stimuli. If the nuclei passively deform, they would experience elongation in the direction of stretch by cyclic stretching. It has been reported that the nucleus is 9 times stiffer than the rest of the cell (11) .
Taken together, it seems difficult for the nuclei to exhibit passive deformation even when being stretched up to 10%. Caille et al. (14) , (19) reported that cell nuclei deformed less than the cytoplasm, which can be explained by the fact that the nuclei is much stiffer than the cytoplasm. In contrast, the "remodeling" may take hours to be observed. If the nuclei do not remodel and have enough stiff to resist the externally applied mechanical forces, no change in shape would be observed. However, the nuclei clearly showed alignment perpendicular to the direction of stretch at 6 hours after exposure to cyclic stretching, similar to that of their cells. Wang et al. (6) subjected bovine endothelial cells to 10% stretching at 0.5 Hz for 3 h and found that the cells reoriented specifically towards the direction of minimal substrate deformation. Furthermore, it is interesting to note that a numerical simulation showed that endothelial cells may respond to the applied flow in such a way as to minimize the total force on their nuclei (20) . Likewise, it is possible that cell nuclei remodel so as to minimize strain energy experienced by themselves. After application of hydrostatic pressure, the nuclei neither showed, for the first time, any preferential alignment nor elongation. In our previous study, it was reported that bovine endothelial cells showed elongation with random cell orientation under pressured conditions, resulted in a significant decrease in the shape index (8) . This is probably because hydrostatic pressure is not a unidirectional stimulation unlike fluid shear stress and cyclic stretching. Little is still known of how mechanical forces are transmitted to local mechanosensing sites including focal adhesions (21) and intercellular junctions (22) where mechanical forces would be converted into biochemical signals, and to the nucleus (11) where mechanical forces would be possibly transduced into specific genetically regulated responses. In particular, it has been shown that external forces are transmitted by direct mechanical connections between surface receptors including integrins, cytoskeletal filaments and nucleoplasm (11) . Furthermore, finite element analysis was performed to explore the mechanotransduction pathway mediated by adhesion sites, cytoskeletons, and nuclei (23) . These studies may imply that alignment of cytoskeletal meshworks should be prerequisite for the remodeling of the nuclei. Pressured cells showed peripherally developed thick actin bundles. Therefore, it is hypothesized that pressured cells may have less unidirectional mechanical coupling between the nucleus and the cell surface where external forces are applied, towards the specific directions. For hydrostatic pressure-imposed experiments, shear stress of less than 0.1 Pa was applied to cells to perfuse nutrients and oxygen. In our previous study (8) , it has been confirmed that there is no significant difference in cell morphology between cells exposed to shear stress of less than 0.1 Pa and control cells cultured statically in an incubator. Dewey et al. (24) reported that shear stress of less than 0.5 Pa did not induce any morphological change of bovine aortic endothelial cells. In contrast, Warabi et al. (25) reported that human umbilical vein endothelial cells cultured on a collagen-coated filter formed the line after exposure to low shear stress of 0.02 Pa in association with changes in gene expression. The difference in the critical shear stress may be due to the difference in the experimental conditions such as types of cells and extracellular matrices. How cell nuclei remodel in response to mechanical stimuli is unclear. One possible idea to explain the mechanism of the nucleus remodeling would include the fact that there exists the nuclear lamina which is a fibrillar meshwork composed of intermediate filaments that lines the inner surface of the nuclear envelope. Galbraith et al. (26) applied fluid shear stress of ca. 1.5 Pa for 24 and showed that intermediate filaments aligned with the direction of fluid flow. Therefore, it is likewise possible for the cell nuclei to actively change their shape possibly due to the reorganization of the nuclear lamina in response to mechanical stimuli. It was also found in this study that three cytoskeletal meshworks including actin filaments, intermediate filaments, and microtubules could affect morphology of the nuclei even in statically cultured cells, indicating nucleus elastic recovery probably due to the release of mechanical constraints induced by cytoskeletal structures being the possible determinants in the deformation. However, the induced-deformation demonstrated different characteristics depending on the three types of the loss for cytoskeletons. It has been suggested that endothelial nuclei possibly have a mechanical contribution to intracellular force balances as a compression-bearing organelle, by demonstrating that the height of nuclei in cells is 0.59 of that of isolated nuclei under statically cultured conditions (12) . This implies that there exists pre-existing strain inside of the nuclei probably due to vertical compression caused by cytoskeletal meshworks. In this study, actin filaments had less contribution to the change in nucleus morphology compared to those by the other two cytoskeletons. This can be explained by the fact that well-developed actin meshwork is less distributed in the central portion of the cell, rather more at the cell periphery called dense peripheral bands. Manitois et al. (11) indicated that actin filaments potentially mediated force transfer to the nucleus at low strain and intermediate filaments effectively mediated force transfer to the nucleus. These filaments, therefore, work as molecular tensile elements as proposed separately (27) . In contrast, they also indicated that microtubules acted to hold
intermediate filament lattice open and to stabilize the nucleus against lateral compression. In this study, intermediate filaments and microtubules were found to include a different mechanical role, indicating that intermediate filaments compressed the nucleus and microtubules did not. One may wonder whether microtubules can produce strong enough forces to stretch the nucleus. One possible idea to explain this include that disruption of mictotubules means the loss of a compressive element from the viewpoint of intracellular force balance, leading to further compression induced by both actin filaments and intermediate filaments, and/or disruption of microtubules not only means the loss but also may affect intermediate meshwork by means of mechanical connections suggested in the previous study (11) . This is thus still unclear, but further studies should include an observation of subsequent events induced in intermediate filaments after disruption of microtubules. In summary, this study addressed how three different mechanical stimuli including fluid shear stress, cyclic stretching, and hydrostatic pressure affect nucleus morphology. Fluorescence images showed that fluid shear stress and cyclic stretching induced cell elongation and orientation very specifically to the directions of flow and stretch, respectively, whereas hydrostatic pressure induced cell elongation at non-preferred orientation. Quantitative analysis on morphological parameters showed that cell nuclei also deformed in a similar fashion to the remodeling of cells, possibly indicating the direct mechanical linkages between cell surface receptors, cytoskeletal meshworks, and nuclei. Mechanical contributions of cytoskeletons to nucleus morphology were also assessed, showing the importance of the fact that cytoskeletal meshworks may contribute to pre-existing strain of the nuclei. It can be concluded that cell nuclei can sense external forces and remodel themselves as if they were structurally optimized.
